The objective of this study is to determine the types of existing buildings that are at risk of falling debris based on height, age, construction classification, construction methods and materials and occupancy. This study focuses on elements that could become debris under high wind action and present a hazard to pedestrians, vehicles, and nearby structures. This study evaluated the particular building elements that might become Wind Generated Debris (WGD).
Introduction and Background
Yorkers face. The city is also vulnerable to other "extreme" events, such as heavy downpours, heat waves, droughts, and high winds. NYC is particularly vulnerable to high winds especially in connection with coastal storms. High winds down trees and collapse overhead utility lines, damaging property and causing power outages.
At high enough speeds, winds can even damage buildings. Category 1 hurricanes have sustained wind speeds of at least 74 mph, and Category 2 hurricanes have sustained winds of 96 to 110 mph, far greater than Sandy's 80-mph wind speed at landfall in New Jersey. In fact, in 1954, Hurricane Carol brought sustained wind speeds of up to 100 mph to the New York area, causing extensive damage [4] .
Hurricanes and tropical storms strike New York infrequently, relative to other types of coastal storms (generally arriving during hurricane season, which occurs from June 1 to October 31), and can produce large surges, heavy rains, and high winds.
Nor'easters, by contrast, are cold weather storms that have strong northeasterly winds blowing in from the ocean ahead of them. Compared to hurricanes, nor'easters generally bring smaller surges and weaker winds. However, they can cause significant harm because they tend to last longer, resulting in extended periods of high winds and high water that can be sustained through one or more high tides. 1 The United States' National Oceanic and Atmospheric Administration uses mean lower low water (MLLW), which is the average height of the lowest tide recorded at a tide station each day during the recording period (the National Tidal Datum Epoch -a 19-year period).
High winds are projected to pose a moderate risk to the building stock of NYC.
While the NYC Panel on Climate Change (NPCC) does not provide specific projections for wind speeds, their projections do suggest an overall increase in the frequency of the most intense hurricanes, which are accompanied by high winds.
Though the NYC Building Code already requires new buildings to implement standards protecting against top wind speeds associated with a Category 3 hurricane, older buildings that predate modern standards or have improperly installed and maintained external elements are vulnerable. Areas with open exposures-for instance, along the coasts-and older -one-and two-family homes are especially vulnerable. Additionally, all structures, including high-rise buildings, are susceptible to damage to façades, which can cause airborne debris during extreme wind events.
NYC's future wind risk profile in the face of climate change is uncertain. While current Building Code requirements are based on wind speed data from area airports (John F. Kennedy International Airport, LaGuardia Airport and Newark Liberty International Airport), a detailed mapping of the City's maximum wind profile could provide a much more accurate assessment of the risks that buildings face with potentially increased storm activity. Although current Building Code requirements are calibrated to withstand a Category 3 hurricane, as the climate changes this level will probably be seen as inadequate. To address this uncertainty and improve NYC's approach to protecting New Yorkers from wind risks, the City took the precautionary measure of amending the Building Code to clarify current wind-resistance specifications for façade elements, and it restricts the use of pea gravel and small dimension stone as ballast on roofs. The City, through the Mayor's Office of Long-Term Planning and Sustainability (OLTPS), implemented these Building Code changes in 2013. In addition, the City will expand the existing Department of Buildings (DOB) Façade Inspection Safety Program (FISP) for highrise buildings to include rooftop structures and equipment [5] . Subject to available funding, the DOB will also initiate a study to more accurately map the wind profiles facing NYC's buildings across all five boroughs, identifying sites that face the greatest risk and recommending appropriate city responses. The goal was to commence this study in 2013, with completion expected in 2015, but contract action was delayed.
Research Methodology
A set of activities was organized in order to determine the types of existing buildings that are at risk of falling debris based on height, age, construction classification, construction methods and materials and occupancy. These activities focused on elements that could become debris under high wind action and present a hazard to pedestrians, vehicles, and nearby structures.
A workflow for activities contributing to this study is shown in Figure 1 . 
GIS Model of Building Types
Step 1 involved creating a 3-D Geographic Information System [6] model for NYC.
This model covers nearly all the one million buildings that exist in the five boroughs of NYC. Buildings were colored by type of occupancy. A spatial analytical analysis was performed on this model further on in this study.
Categorization of buildings
Step 2 involved categorizing the NYC buildings by height, age, occupancy and construction methods, and materials. 
 Age and Governing Building Code
Buildings were then sorted by their age. A building's age was determined based on its year of completion. The age correlates with the building codes that govern the existing construction in NYC. Building codes were promulgated or revised in 1860, 1887, 1896, 1899, 1916, 1922, 1926, 1929, and then 1938, 1968, 2008 and 2014 [7] .
The building codes from 1860 to 1916 are minimal and holistic in nature. These codes follow an integrated framework in which architectural, mechanical, structural and fire codes are combined together. Thus, changes in one item may impact the rest of the items. From 1938 to 2014, the evolution of construction management technology moved towards discrete systems whereby architectural, mechanical, structural and fire systems are described in different codes.
The main codes that govern existing buildings were key criteria in this study. Wind was not a design consideration in the building codes until the 1938 code. The codes were broken down into the following intervals: pre-1938, 1938 to 1968, 2008 to 2014, and post-2014. Even though architects and engineers considered wind forces while designing buildings prior to the 1938 code, they neglected them since the wind forces were not the controlling forces.
The following section describes the main aspects of each code.
1938:
The focus of this version was to provide standards, provisions and requirements for safe and stable design, methods of construction and sufficiency of materials in structures constructed or demolished after January 1st, 1938. In addition, this code regulated the equipment, maintenance, use and occupancy of all structures and premises [8] .
1968: This code specified minimum requirements and standards for the construction, alteration, repair, occupancy and use of new and existing buildings in the city of New York … All buildings to be maintained safely [9] .
2008: Some jurisdictions like NYC developed their own building codes. This is the reason that this code is known as New York City Building Code (NYCBC). The IBC is founded on principles intended to establish provisions consistent with the scope of a building code that adequately protects public health, safety and welfare. These provisions include those that do not unnecessarily increase construction costs; provisions that do not restrict the use of new materials, products or methods of construction; and provisions that do not give preferential treatment to particular types or classes of materials, products or methods of construction [10] .
2014:
The purpose of this NYC construction code is to provide reasonable minimum load requirements and standards based on current scientific and engineering knowledge, experience and techniques, and the utilization of modern machinery, equipment, materials and forms and methods of construction. This code was updated in the interest of public safety, health, welfare and the environment, and with due regard for building construction and maintenance costs [11] .
 Occupancy
According to various data sources, NYC's building stock is classified in different ways. The NYC Department of City Planning (DCP) [12] categorizes buildings using a "land use" or occupancy classification scheme. In this system, buildings are categorized by their building class and coded from 01 to 11 (Table 1) . The buildings used in this study were classified according to the DCP's system [13] . For this study, the 311 incidents reported to the 311 call [15] center that occurred in the five boroughs on windy days were evaluated statistically and analyzed. To ascertain these wind-related incidents incident data from 2010 to 2015 were considered. These data were then cross-correlated with the severely windy days as reported by the National Oceanic and Atmospheric Administration (NOAA) to extract only the windy-day related incidents. Table 2 shows the 311 complaints during windy days and their descriptions. These data were examined by borough to identify the types of complaints that were associated with potentially dangerous wind generated debris (WGD). It turned out that features of WGD complaints differ among the boroughs. The analysis provided critical insights as to what types of objects might fall during a windstorm. Local 311 investigation reports, DOB data and related reports and records of WGD, and records of previous damage considering the location, size, and cause of the damage were then compiled using the classification scheme in  New York Rising Year End Report [18] .
 FEMA Hurricane Sandy reports [19] . 
Construction Materials and Methods
Other features of buildings considered that related to WGD are listed in Table 3 .
The debris generating components include façade elements, roofing, window and Data covering several buildings that experienced incidents on the windy days were identified. These buildings are widely distributed in the five NYC boroughs.
Manhattan buildings were examined using Google Maps, and all potential falling objects were identified. After analyzing building components, features were ranked in their likelihood to have falling objects.
Results and Discussion
The buildings of New York City were evaluated based on five main criteria. These criteria were Height, Age, Occupancy, Façade Inspection Safety Program, and Construction Materials and Methods. The results of these evaluations and statistical analyses are illustrated in this section. buildings with greater than 6 stories, make up almost 1% of the building stock. As shown in Table 4 In Brooklyn and Queens, more than 76% and 54% of buildings were constructed prior to 1938, respectively. According to Table 5 , there is a direct relationship between the height of buildings and their age in Brooklyn, Queens, and Bronx. In these boroughs, not only are the majority of the buildings classified as 1 to 2-floor buildings, but they were also built before 1938. Even though the majority of buildings in Manhattan were also built prior to 1938, 4 to 5-floor buildings were primarily built during that time. 
Height

Figure 4 NYC building distribution histogram based on age and number of the floors
Occupancy Table 6 Land use categories in NYC boroughs
As Table 6 and Figure 5 show, 70.5% of buildings in NYC are classified as one and two-family buildings, and 16.1% are categorized as multi-family walk-up buildings. These two types combined cover 86.6% of all buildings. The rest of the land use types cover only 14.4% of all buildings. However, the distribution of occupancy in different boroughs is not the same. In Brooklyn, Queens, Staten
Island and the Bronx, one and two-family buildings constitute the most common land use types followed by multiple family walk-ups. Manhattan follows a different pattern; in Manhattan, the most common land use type is multi-family walk-ups, followed by mixed residential and commercial buildings and multi-family elevator buildings, respectively. 
FISP
The pie charts in Figure 7 indicate the building distribution in NYC by borough (on the left side) and the portion of NYC buildings that fall under FISP (on the right side). Manhattan buildings consist of 4% of total buildings in NYC. However, the buildings in this borough comprise 63% of FISP locations in NYC.
Figure 7 Comparison between NYC buildings and the NYC buildings complying with FISP
Windy Day Incidents Figure 8 shows the number of incidents that happened in NYC from 2010 to 2015 on the days that were reported windy by NOAA [21] . Out of 44,000 incidents, 2,300
were on windy days. After further analysis, 1,400 incidents related to existing buildings; the other incidents related to buildings that have been demolished or were under construction. Data were pulled from 311 [15] calls and reflect the complaints from residents of the existing buildings. The issue with 311 data is that they do not provide detailed information for each reported incident. For example, there is no data on the damage estimation (cost, material, injured or fatality rate)
or the severity of each case. Figure 9 illustrates the results from categorizing different incidents from their description. The top three sources of complaints are debris falling or in danger of falling (30%), inadequate or defective sidewalk shed/pipe scaffold (24%), and suspended or hanging scaffold (16%).
Figure 8 Number of total wind incidents (left) and number of incidents relating to existing buildings (right)
Figure 9 NYC wind incidents from 2010-2015
Although Figure 9 displays the cumulative incident categories deriving from 311 complaints [15] across NYC, this distribution differs within each borough. Figure   10 shows the number of different types of wind incidents that occurred during windy days in each borough from 2010 to 2015.
Figure 10 NYC Wind Incidents Histogram in 5 boroughs
Construction materials and methods
Building appurtenances for the almost 1400 structures which experienced windy day incidents were used as case studies for this section. The vulnerable building features, which are listed in Table 3 , were identified for each building. In all the boroughs except Manhattan, these identifications were made using Google Maps.
Evaluation of the different parts of the façade was done for each individual building twice by different inspectors. The collected data were then compared, and the results reflected in this study. For Manhattan with around 500 incidents, data were gathered in person. The addresses were mapped and inspected by two groups of NYU students who visited each building during a two-week timespan. Due to the inaccessibility of the roof elements, these features were identified using Google
Maps. In the result table (Table 8) , if a building contains a component mentioned in Table 3 , it was assigned the number 1. Likewise, if a building does not contain the component, it was assigned a 0. The average of each category (façade features, roofing, window and balcony data, stairs/sidewalk) was then calculated and used for further statistical analysis.
Statistical analysis
The correlation between age and the probability of WGD was analyzed in this section. In addition, the likelihood of different building features causing WGD was evaluated and features were ranked based on the results.
 Relationship between the age of the building and the probability of having falling debris
The relationship between the year the buildings were built and their potential vulnerability to WGD is well described by a third degree polynomial function shown in Figure 11 . This emphasizes the importance of exterior building maintenance, which is a critical principle highlighted in previous codes (1938, 1968, and 2008) . Probability of having debris falling base on building year of the built  Ranking the elements involved in making the falling debris incident
The significance of the factors considered in FISP-building features was assessed.
These elements and their subcategories were explained in Table 3 . The results of the assessment were then confirmed by Analysis Of Variance (ANOVA) [22] .
1-Input data: Table 8 Table 8 includes an address that was reported to 311 [15] and the elements of that building were inspected in person. In order to prioritize the features in terms of their likelihood to create WGD, it was assumed that an incident caused by a subcategory of a feature impacted the likelihood of WGD from that feature as a whole. The probability of WGD depends on whether a building has one or more features. The more features a building has, the greater the probability of WGD. Since the feature categories and subcategories are mutually exclusive, the probabilities were added together. Table 9 shows the results of this assumption for some of the buildings. The mean of each column was calculated and the results are shown in Figure   12 . According to the results, window elements are the most likely to cause incidents, followed by exterior fixtures, roof elements, stairs/sidewalk shed, and balcony elements. Table 10 illustrates the possible cases that were observed and the probabilities of having different features alone or with other features. In Table 10 , cases that had a particular feature were assigned a value of 1, whereas cases without the feature were assigned a value of -1. So, there are two possibilities (1,-1) for each building feature. There are five building features here (2 5 ) which make thirty two possible cases. The features were compared alone and together in table 10. The probability column illustrates the probability of the +1-features.
Figure 12 Probability of having incident from each features category
When more than one feature are +1, this shows the probability of having these +1-features together.
This Shed. In order to understand the results, the P-Values and F-Values from Table   11 were examined. Sorting the F-Value from highest to lowest illustrates the importance of the elements.
According to these results, window elements are most likely to cause incidents, followed by exterior fixtures, roof elements, stairs/sidewalk shed, and balcony elements. These results confirm the results of Table 10 . Figure 13 shows the controlling graphs to confirm the results. These graphs include:
 Patterns in normal probability plot
The normal probability plot of the residuals should approximately follow a straight line.
 Patterns in residuals versus fitted values plot
The residuals in the plot should be evenly spread across fitted values.
 Patterns in residuals versus order plot
The residuals in the plot should fluctuate in a random pattern around the center line.
According to the definitions, the graphs shown in Figure 13 follow the pattern that they should. Falling debris due to windy conditions is a particular concern as it threatens the lives and safety of New Yorkers. To determine the likelihood of WGD from existing buildings in NYC, this study started by categorizing the buildings using factors such as height, age and governing building code, FISP compliance, construction methods and materials and occupancy. Then, the history of wind-related incidents was analyzed in the five boroughs from 2010 to 2015 on days that were reported windy by NOAA. Of the total 44,000 wind-related incidents, roughly 1400 were related to existing buildings. The other incidents related to under construction or demolished buildings.
The relationship between the year each building was constructed and its potential vulnerability to WGD was assessed and turned out to be well described by a third degree polynomial function. This emphasizes the importance of exterior building maintenance, which a critical principle is highlighted in previous codes (1938, 1968, and 2008 ).
Next, this study evaluated the particular building elements that might become that experienced wind-related incidents. The results illustrate that the building elements most likely to produce WGD are windows, followed by exterior fixtures, roof elements, stairs/sidewalk shed, and balcony elements, respectively.
Consequently, FISP inspectors should pay particular attention to these elements, which have higher probabilities in causing incidents.
The incident data used in this study were pulled from 311 calls 
HIGHLIGHTS
Statistical Analysis
 In this study a new set of topics for categorization of the buildings was introduced: these categories include height, age, and occupancy. Buildings were also categorized considering the FISP criteria. Although the necessity of having this way of classification was needed for the largest city of United
States, no records were found to describe this topic in the literature review.
Therefore, the results of this study can be of a great use of urban designers, engineers, and governmental stakeholder's in macro-decision making for the City.
 The assessment of the relationship between the year each building was constructed and its potential vulnerability to WGD was take place in this study for the first time. The findings emphasize the importance of exterior building maintenance, which is a critical principle highlighted in previous codes (1938, 1968, and 2008) .
 This study evaluated the particular building elements that might become WGD by inspecting the buildings located in Manhattan that experienced wind incidents in the past. Consequently, FISP inspectors should pay particular attention to these elements, which have higher probabilities in causing incidents.
